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1. INTRODUCTION
1.1 Object and Scope
In general, an ultimate strength study of a concrete structure must be
based upon a consideration of the following five factors: static strength,
fatigue strength, stability, deflection, and durability. To be satisfactory,
a structure must have the desired degree of safety with respect to each of
these factors.
For pretensioned prestressed beams, stability, deflection, and dura-
bility are generally factors of lesser importance. The ultimate static
strength is usually the factor of paramount importance. However, where many
repeated loads of large magnitude can be expected 9 the fatigue strength of
the member may be of equal importance.
Knowledge of the strength of prestressed b,eams requires an under-
standing of the physical behavior of these members ,under load. Within ordi-
nary working ranges in which the prestressed beam is not cracked, the re-
sponse to load is approximately linear and the behavior can be evaluated by
the familiar formulas of structural mechanics.
Strength outside of the elastic range, however, must be evaluated in
terms of the various phenomena of the overload behavior of the member, as
follows ~
(1) Flexural cracking load
(2) Inclined cracking load
(a) Flexure shear cracking
(b) Diagonal tension cracking
(3) Ultimate load
(a) Flexural strength
(b) Shear strength
(c) Fatigue strength
Each of these terms will be defined in Section 1.2.
This investigation was undertaken to study the ultimate shear strength
of pre tensioned prestressed I-beams with web reinforcement. Ultimate shear
strength, however, depends upon the inclined cracking strength in its evalua-
tion, and upon the ultimate flexural and fatigue strength in the definition
of its limits. Therefore a study of ultimate shear strength must be a study
•, .
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of all of the phenomena associated with the overload behavior of a pre-
stressed member. The objective of this investigation is twofold: (1) to
provide information pertaining to shear strength which will be immediately
useful in the design of this type of member, and (2) to develop information
which may serve as a basis for a rational analytical evaluation of shear
strength of prestressed bea~s with web reinforcement.
The results of eighteen tests on simply supported beams subjected to
a symmetrical two point loading, designated as the E Test Series, are pre-
sented in this report. Sixteen of the tests were static tests, conducted for
the purpose of evaluating the static overload behavior of prestressed I-beams
with web reinforcement. The remaining two tests were repeated load tests,
conducted for the purpose of determining if a prestressed I-beam, once over-
loaded so that inclined cracks would form, could subsequently be critical in
fatigue of the web reinforcement.
The principal variables in the static tests were the shear span to
effective depth ratio, which varied between 2.54 and 6.39, and percentage of
web reinforcement. The majority of the static tests, however, were conducted
on a shear span to effective depth ratio of 3.39, for which the web reinforce-
ment percentage was varied from a maximum of 1.22 to a minimum of zero. Cor-
responding to this particular shear span, the percentage of web reinforcement
required according to the ACI - ASCE Joint Committee 323 Report, (1) here-
after referred to as the TRPC, is 0.85.
1.2 Definitions
Flexural cracking load. In general, the magnitude of load causing the
formation of a flexural crack anywhere along the length of the prestressed
beam is defined as the flexural cracking load; however, a flexural cracking
load may be associated with flexural cracking at any specific section along
the length of the member. For the symmetrically loaded test beams in the E
Series, the magnitude of the shear due to the externally applied load caus-
ing a flexural crack anywhere along the length of the test member, Vf is
c'
taken as the measure of load causing flexural cracking.
Inclined cracking load. The inclined cracking load is defined as the
••
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load causing the formation of the first non-vertical crack anywhere along
the length of the prestressed beam as a result of the comoined effect of
shear and moment. Inclined cracking may be of two types, flexure shear and
diagonal tension.
Flexure shear cracking. A flexure shear crack is a flexural crack
that becomes inclined and extends, with increasing load, in the direc-
tion of increasing moment. For the beams in the E Series, the magni-
tude of shear due to the externally applied load causing the initial
formation of a signific,ant flexure shear crack, Vfs is taken as the
c '
measure of load causing flexure shear cracking. A significant flexure
shear crack is defined as one which forms at a distance approximately
equal to or greater than the effective depth of the member in the
direction of decreasing moment from the concentrated load point.
Diagonal tension cracking. The diagonal tension crack is an in-
clined crack that initiates suddenly from an interior point in a pre-
stressed beam. For beams in the E Series, the magnitude of the shear
due to the externally applied load causing the formation of a dia-
gonal tension crack, Vdt is taken as the diagonal tension cracking
c '
load.
Ultimate load. The ultimate load of a prestressed member is the load
carried by the member at failure. For the beams in the E Series, the mea-
sure of ultimate load is the shear due to the externally applied load, V •
u
Principal modes of failure associated with the ultimate load are flexure,
shear, and fatigue.
Flexural strength. The flexural strength is the moment capacity
associated with the flexure failure mechanism.
Shear strength. The shear strength is the shear associated with
a shear failure mechanism which results from the development and exten-
sion of inclined cracking. Excluded from the definition of shear
strength are any apparent shear failures due to poor dimensional pro-
portioning, i.e., bond failures in the web reinforcement and strand,
insufficient bearing at the reaction, etc.
Fatigue strength. The fatigue strength is the load and number of
cycles associated with a fatigue failure mechanism.
•3a
1. 3 Notation
The following notation has been used throughout this report. Nota-
tion used only in one location, i.e., for example, in conjunction with the
discussion of a specific figure, is not included; rather it is fully ex-
plained where used.
a
A
A
v
b
b'
Length of shear span
....... .
Area of beam cross-section
Area of vertical stirrup
Width of top flange of I-beam
Web width of I-beam
c Horizontal component of resultant force in concrete
compression region
d Depth from concrete top fibers to centroid of prestressing
strand
e Distance from centroid of prestressing strand to center
of gravity of the beam cross-section
E Modulus of elasticity of concrete
c
f Ultimate stress in stirrups
u
f Yield stress of stirrupsy
f' Ultimate compressive strength of concrete
c
fl Modulus of rupture strength of concrete
r
f' Ultimate stress of prestressing strand
s
f' Flexural tensile strength of concrete
t
F Resultant force in prestressing strand
F. Initial prestress force, before transfer
~
h Total depth of I-beam
I Moment of inertia of beam cross-section
~. Distance from the junction of web and top flange to the
e
lowest point at which the web reinforcement may be re-
garded as effective.
•
L Span length, center to center of bearing
M Moment
•
M
u
Static ultimate moment
Mf Flexural cracking moment
c
N Number of cycles of applied loading
P
•
Q
•
Qtf
Qcg
Qbf
r
s
V
V
c
V
w
V
u
Vf
c
Vdt
c
Vfs
c
w
Zb
zt
d
Concentrated load
Moment, about the center of gravity, of the area of the
cross-section on one side of the horizontal section on
which the shearing stress is desired
Q for a section taken at the junction of web and top
flange
Q for a section taken at the center of gravity of the
beam cross-section
Q for a section taken at the junction of web and bottom
flange
Percentage of web reinforcement, 100 A IbIs
V
Spacing of vertical stirrups
Shear
Amount of V carried by concrete after inclined cracking
Amount of V carried by stirrups after inclined cracking
Shear in test beams at ultimate load
Shear in test beams causing flexural cracking
Shear in test beams causing diagonal tension cracking
Shear in test beams causing flexure shear cracking
Uniform load
Section modulus with respect to stress in bottom fibers
Section modulus with respect to stress in top fibers
Dimensionless factor which, when multiplied by L,
locates P
Dimensionless factor which, when multiplied by d, de-
termines the horizontally projected length of an
inclined crack
3b
Angle, with respect to the horizontal, of the compressive
stress trajectory
~ Maximum principal tensile stress in the' web at the dia-
gonal tension-cracking load
•
cg
~ Values of ~ at the center of gravity of the beam cross-
section
••
•
4
2. TEST SPECIMENS
2.1 Description
A doubly symmetric I-shaped cross section with a depth to flange width
ratio (h/b) of 2 and·a flange to web width ratio (b/b') of 3 was used for all
eighteen beam specimens. Each beam specimen was 17'-6" in length, providing
a test· span of 15'-0" and an overhang at each reaction of 1'-3". Details of
the cross section and an elevation view of the test beams are shown in Fig. 1.
Size, spacing (s), and percentage of web reinforcement (r), based on
the web· width, is given in the outline ofttests in Table 1. Except for E.13
and E.14, each stirrup consisted of either one or two U-shaped bars, referred
to as S or D. Where only one bar was used, each successive bar was placed so
that the U opened to the opposite side of the test beam. In E.13 and E.14
inverted L-shaped bars were used, and each stirrup consisted of two bars. The
letter F following E.lO and E.ll indicates repeated load test. All other
tests were static tests .
. Six 7/16" diameter strands were used as the prestressing elements in
each test beam. All strands were straight throughout the length of the test
beam, and each strand was pretensioned toa nominal initial force of 18.9
kips, providing a total initial design prestress force of 113.4 kips. Assum-
ing losses of 8% in the prestress force at transfer, the initial stresses
in the top and bottom concrete fibers, based on the transformed section and
neglecting dead weight, are 210 psi tension and 2150 psi compression, re-
spectively.
2.2 Materials
Ready-mixed concrete was used in the fabrication of the test beams,
having .a cement to sand to coarse aggregate ratio of approximately 1 to 1.85
to 2.33. Them'ix contained 7.5 bags per cubic yard of Type III portland
cement. The maximum size of the coarse aggregate was 3/4". Gradation of
the aggregate conformed to Pennsylvania Department of Highways Specifica-
tions~ Mixes were made in either 2 or 2.5 cubic yard batches, sufficient
5..
2 20
o151 - 20o
4-#30 @ 4"=1'-0" 4-#30 (G 4"=11-0"
For stirrup spacing between supports see Table I
ELEVATION
SECTION PROPERTIES
PROPERTY CONCRETE TRANSFORMEDSECTION' SECTION2
A 102.0 in.2 105.3 in.2
I 3854 in.4 3986 in.4
zt 428.2in.3 435.2 in.3
Zb 428.2 in.3 450.9 in.3
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Qcg 286.5in.3 298.5in. 3
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•
Fig. 1 Details of test beams
••
Table 1. Outline of Tests
6
#
•
Shear Span Size and Spacing (s) of Web Reinforcement Test
(a) Web Reinforcement Percentage (r) Beam
1F2D at 8075" 00374 Eo14
3'-0"
1/2D at 8075" 00374 Eo 15
None 0 E.4
#3D at 6" 1. 22 E.5
113D at 8" 0.917 E,6
1f3D at 10" 0.733 E.7
113S at 6" 0.611 E.8
4' -0" 113S at 8" 0.458 E.9I
113S at 6" 0.611 E.10F
113S at 8" 0.458" E.11F
113S at 10" 0.367 E.12
1f2D at 8.75" 0.374 E.13
1f2S at 6" 0.272 E.16
1f2S at 8" 0.204 E.17
1f2S at 10" 0.163 E.18
5'-0" None 0 E.3
6'-0" None 0 E.2
7'-6" None 0 E.1
!
••
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to cast 3 test beams in one pour. Slump varied between 2-1/4" and 2-3/4"
for all mixes except for the mix used to cast E.1, E.2, and E.3, which had
a slump of 1-1/2". Concrete strength at the time of test of all beam speci-
mens was approximately 7000 psi.
The prestressing strand was 7/16" diameter seven wire uncoated stress
relieved high tensile strength strand manufactured by John A. Roebling's
Sons Corporation. A stress-strain curve for the strand, determined from a
tensio~ test conducted in the laboratory, is shown in Fig. 2. Failure
occurred in the testing machine grips at an ultimate load of 26.3 kips. The
. stress-strain curve in Fig. 2 was virtually identical with the stress-strain
curve provided by the manufacturer, which indicated the strand to have an
ultimate load of 27.5 kips, corresponding to an ultimate stress (fl) equal
s
to 252.5 ksi, and 5.1 percent elongation in 24 in. The surface of the
strand was free from rust, and care was taken to avoid getting any grease
on the strand during the fabrication operation.
The web reinforcement was fabricated from hot rolled No. 2 or No. 3
deformed bars. For the No.2 bar, the yield point stress (f ) was 59,500y
psi and the ultimate stress (f ) was 85,700 psi, based on an area of 0.049
u
sq. in. For the No.3 bar, f was 55,500 psi and f was 82,700 psi,· basedy . u
on an area of 0.11 sq. in~ The values of f and f for the No.2 and No.3y u
bars are an average of 12 and 3 tension tests, respectively.
2.3 Fabrication
The test beams were fabricated in a prestressing bed on the laboratory
test floor. The length of the bed was sufficient to permit three beams to
be cast end to end.
The sequence of operations in casting the test specimens was as follows:
tensioning the strands, positioning the web reinforcement, form erection, pour-
ing the concrete, curing, form removal, instrumentation, and prestress release .
Two 50 ton mechanical jacks were used to tension the strands to approxi-
mately the desired value of 113.4 kips. A special hydraulic jacking arrangement
28 ...----.--~~-r--~___r___r____,r__.___r___r___,.-,___.__"_T""__,....,
240 26
220 24
8
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Fig. 2 Stress-strain curve for prestressing strand
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was subsequently used to adjust the tension in individual strands if required .
The tension was measured by means of load cells placed on each strand; for
all of the strands tensioned, the average variation from the desired value
of 18.9 kips per strand was less than 0.2 kips. The total initial prestress
force, as obtained by reading the load cells just prior to pouring the con-
crete, is given in Table 2.
Also given in Table 2 is the total prestress force determined by read-
ing the same load ce~ls seven days after the concrete was poured, just prior
to releasing the prestress force into the test beams. In all but one set of
beams the force in the strands increased between the time of casting and the
time of prestress release, possibly due to shrinkage of the specimens exert-
ing an additional force on the prestressing strand.
Table 2. Prestress Force at Casting and Release
•
•
•
•
Test Beams Total Prestress Force (kips) Per Cent
At Casting At Release Change
E.1, E.2, & E.3 113.7 115.6 +1.7
E.4, E.5, & E.6 113.9 119.4 +4.8
E. 7, E.8, & E.9 114.9 116.5 +1.4
E.10, E.11, & E! 12 113.7 117.3 +3.3
E.13, E.14, & E.15 113.5 113.1 -0.4
E.16, E.17, & E.18 113.3 121.4 +7.1
Wire ties were used to secure the 'web reinforcement to the strand. In
addition, it was found necessary to use a wire tie between successive pro-
jecting elements of the stirrups, in the compression flange area, to prevent
muvement of the stirrups during the pouring operation.
Wood forms were used to cast the test beams. Dimensional checks made
on the finished product indicated that, in general, dimensions were main-
tained within 1/8", and consequently the nominal dimensions of the cross
..
..
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section given in Fig~ 1 were used in all calculations. With each test beam
were cast six or more standard concrete cylinders in waxed cardboard forms,
and three 6" x 6" by 3'-0" modulus of rupture beam specimens in steel forms •
Vibrators were used to place the concrete in both the test beams and the
modulus of rupture specimens; the cylinders were rodded.
All specimens were cured by covering with wet burlap and plastic sheet-
ing fpr five days, after which the forms were stripped. Instrumentation, in
the form of Whittemore targets described in the next section, was positioned
on the test beams on the sixth day. On the seventh day after casting the
prestress force was slowly released into the beams. The specimens were sub-
sequently stored in the laboratory until the time of testing.
2.4 Instrumentation and Loading Apparatus
The test set-up and principal instrumentation employed on the test
beams is indicated in Fig. 3. Loads for all test beams were symmetrically
applied using two 55 kip Amsler hydraulic jacks bolted to a steel test frame.
Vertical deflections were measured by both Ames dial gages and level readings.
Deformation data was taken using a 10 inch Whittemore Strain Gage •
The gage points were made in the laboratory by cutting 1/16 inch aluminum
plate into 3/8 inch square pieces. Prior to cutting, each individual target
was center punched and drilled with a No. 56 drill. The drilled holes did
not go through the aluminum plate, but were made deep enough to clear the
end of the points of the Whittemore. The aluminum targets were cemented to
the test beams with an epoxy type resin known as Armstrong Adhesive A-6 .
..
.-. ... ..
a
1 I"61 )("2 Steel fl on Grout
~.G.S.
II
6")( i Steel ~
t"7M\lI',.-n/ Amsler Jack
Whittemore Targets
• • •
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•
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•
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SECTION A -A
Fig. 3 Test set-up and principal instrumentation
".
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3. PROCEDURE AND RESULTS
3.1 General
The tests carried out in this investigation may be considered as di-
vided into three groups: static tests, repeated load tests, .and re-1oid~d
static ,tests.
The stitic tests, E.1 through E.18 with the exception of E.10 and
E.11, were tests carried directly to the ultimate capacity of the member.
The majority of these tests were carried out on a 4'-0" shear span; how-
ever, two were carried out on a shear span of 3'-0", and one each on shear
spans of 5' ;.0", 6' -0", and 7' -6". These test results are .presented in Sec-
tion 3.4 •
.The repeated load tests, .E v 10 and E.ll, were first statically loaded
on a 4'-0" shear span, to approximately 77% of their ultimate flexural
capacity. This was sufficient to cause diagonal tension inclined cracking
in both shear spans of both beams. Repeated loadings were subsequently
applied which varied from a minimum of approximately 19% to a maximum of
44% and 68%, in the case of Eo 10, and 58%, in the case ofE.11, of the ulti-
mate flexural capacity of the test beam. Section 3.5 contains the results
of these tests.
The re-loaded static tests were conducted on the remainingintactpor-
tion of selected beams after the specimen had already been tested in either
the static or fatigue test .group. The results of these tests are presented
in Section 3.6.
Section 3.2 contains the results of tests on cylinder and modulus of
rupture specimens to determine the properties of the concrete associated
with the test beams at the time of prestress release and at the time of
test. Section 3.3 presents the results of strain measurements taken to de-
termine prestress losses, and to determine the prestress transfer distance
at the end of the test beams .
3.2 ~roperties of the Concrete
Standard cylinder tests were conducted to determine the ultimate com-
pressive strength of the concrete (f') associated with the test beams at the
c
13
time of prestress release and at the time of test. Strains were measured on
selected cylinders with a compressometer to determine the modulus ofelas-·
ticity ·CE) of· the concrete. For comparison, values of E were also deter-
mined from the load deflection curves of the test beams.
As a measure of the tensile strength of the concrete,modulus of rup-
ture tests were conducted to determine the modulus of rupture strength of
the concrete Cf') associated with the test beams at the time of test.
r
Cylinder tests associated with the time of prestress release were
always carried out on the same day that the prestress force was released,
generally within an hour or two of the actual operation, Cylinder and modu-
lus of rupture tests associated with the time of test were carried out either
on the same day,or in a very few instances, on the day following the testing
of the beam specimen, Where these tests were repeated load tests, which
were carried out over a period of several days, .the cylinder and modulus of
rupture tests were conducted on either the first or second day. The values
of f', f', and Edetermined from these tests are given in Table 3. In
ere
general, each value is an average of three tests, As a typical example, the
results of three cylinder tests associated with E.5 at the time of test are
shown in Fig. 4.
3.3 Prestress Data
For both the static and repeated load test specimens, data was taken to
determine experimentally the elastic and inelastic losses in the prestress
force, and the distance from the ends of the test beams, at the level of the
center of gravity of the .prestressing strand, to the point .atwhich85% of
the prestress force was effective. This was accomplished by taking Whitte-
more readings on the surface of the test beams along line G shown in Fig. 3.
Readings were taken just prior to releasing the prestress force, after the
release of the prestress force, and again just prior to the actual testing
of the.specimen. The difference between these readings, converted to concrete
strain, can be plotted against location along the length of the test beam, a
typical example of which is shown for E. 5 in Figs ,. 5a and 5b.
Table 3. Properties of the Concrete
14
•
_. ,
Beam At Transfer At -.Test·..
--
E1
_.
EZNo. Age f' Age f~ f' E1
(pst) (kst) r c (k~i)(days) (days) (psi) (psi) (ksi)
E.1 7 5600 3100 67 7030 690 .4000 4600
E.2 7 5640 3100 62 6690 740 3600 4200
E.3 7 5690 3100 56 6720 660 3500 4300
E.4 7 5500 3200 55 6960 700 3900 4700
E.5 7 5530 3100 60 6610 670 3800 4600
.-
E.6 7 5440 3200 62 7100 730 4100 4500
E.7 7 5900 3800 62 7230 800 4100 4700
E.8 7 5680 3400 70 6970 650 4400 4700
E.9 7 5630 3500 74 7140 720 4200 4700
E.lO 7 6160 3600 228 7360 950 4400 5100
E.ll 7 6410 3600 245 7790 960 4200 5000
E.12 7 5590 3300 68 7020 680 3900 4700
E.13 7 6130 3700 27 7320 630 4400 4500
E.14 7 5670 3600 47 6780 680 4100 4700
E.15 7 5730 3500 35 6940 670 4300 4600
E.16 7 5650 3300 64 6950 610 3700 4500
E.17 7 5400 3300 57 6580 600 3800 4300
IE.18 7 5520 3200 52 6640 580 3600 4500
Ave. 5720 3400 7000 710 4000 4600
•
Note: Modulus of elasticity values are designated El if determined
from cylinder tests and E2 if determined from c1oad-deflection
c
curve of the test beam .
15
7000
Cyl. No. f e Ee
E.5-4 6550psi. 3.7x 106psi.
E.5-5 6630 psi. 3.7xI06psi.
E.5-6 6650psi. 3:9xI06psi.
Ave. 6610psi. 3.8 xI06psi.
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Fig. 4 Cylinder tests for E.5 (at test)
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Assuming that the concrete strain measured on the surface of the test
beam at the level of the center of gravity of the strand is equal to the
average strain loss in the prestressing strand, the loss in the prestress
force can be determined from the stress-strain curve of the strand. The
strain determined from the difference in the Whittemore readings before and
after release of the prestress force was considered to be the elastic loss.
Similarly the strain determined from the difference in the readings after
release of the prestress force and just prior to testing was considered to
be the inelastic loss. The results of this work are presented in Table 4.
The distance from the end of the beam at the level of the center of
gravity of the strand to the point at which 85% of the prestress force was
developed was determined by plotting the total concrete strain at the time
of test along the length of the beam. An example of this is shown for E.5
in Fig. 5c. Transfer distances determined in this way for all of the test
beams are given in Table 4.
3.4 Static Tests
The beams in this group, Eol through Eo18 with the exception of E.10
and E.ll, were loaded to ultimate failure in one load cycle. Load was sym-
metrically applied in shear.increments of 2 kips, except when near loads at
which cracking was expected, in which case the shear increment was reduced
.to 1 kipo
Data taken during the test included primarily load~deflection read-
ings, strain measurements by Whittemore readings, and a log of the loads at
which flexural 'cracking, inclined cracking, .and ultimate failure took place.
In addition, crack patterns were marked on the test beams after the applica-
tion of each load increment. .After failure the test beams were photographed.
The principal results of this group of tests are presented in Table 5.
Convenient parameters for comparing the two principal variables in this in-
vest~gation, length of shear span and amount of web reinforcement, are tab-
ulat'~d as the shear span to effective depth ratio(~}andthe web reinforcement
index (rf/100). The experimentally determined shears at flexural cracking,y
inclined diagonal tension cracking, and at failure are given as Vf Vdt and
c' c'
Table 4. Prestress Data
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Initial Losses Prestress Transfer Distance
Beam Prestress Force
End'@No. Force Elastic Inelastic Total At Test End CDF. (kips) (%) (%) (%) F (kips) (in. ) (in. )~
E.1 113.7 8.4 12.9 21.3 89.4 11 9
E.2 113.7 ' 8~5 12.7 21. 2 89.5 12 14
E.3 113.7 9.0 12.3 21.3 89.4 14 17
E.4 113.9 8.8 11.3 20.1 91.0 11 12
E.5 113.9' 8.6 11.9 ' 20.5 90.6 14 14
E.6 113.9 8.5 12.3 20.8 90.2 , 16 16
E.7 114.9 8.1 11.8 19.9 92.0 13
,
15
E.8 114.9 , 8.1 11'.8 19.9 92.0 14 15
E.9 114.9 8.1 12.7 20.8 91.0 17 15
E.lO 113.7 8.4 15.3 23.7 86.7 15 15
E.11 113.7 8.3 15.4 23.7 86.7 14 16
E.12 113.7 8.5 12.3 20.8 90.0 12 15
E.13 113.5 7.8 7.1 14.9 96.6 15 14
E.14 113.5 7.6 7.3 14.9 96.6 10 11
E.15 113~5 ' 7.3 7.9 15.2 96.3 13 11
, .'
E.16 113.3 ' 8.2 11.0 19.2 91.6 ' 13 15
"
!
E.17 113.3
...
8.4, ,10.2 18.6 " 92.4 14 13
E.18 113.3 8.5 9.9 18~4 92.6 15 15
Ave. 113.8 8.3 11.5 19 ~ 8 91.4 13.5 14.0
19
Table 5. Static Test Results
,-------,.---,,-----,-----------------.----_._---_._.._....
Mode
of
Fail-
ure
(kips)(kips)(kips)(kips)
Shear, Y Nominal
1------.----------------.., Shear
At At Diagonal i At.
I StressFlexural Tension Cracking! Ult. At Ul t.Cracking I-----~-~--~~ Load Load
End 0 End~
yf ydt ydt Y v = Yu
c c c u u bid
(psi)
rf
-.:i.
100
(psi)
a
d
Test
Beam
...
E.l 6.35 o 14.4 16.2 381 S
E.2 5.08 o 16 23.9 20.8 489 s
E.3 4.23 o 20 26 23.1 542 s
E.4 3.39 o 24.4 30 30.8 724 s
E.5 3.39 676 24 31.8 28 42.0 988 F
E.6 3.39 508 24 30 28 41.8 984 F
E.7 3.39 . 406 25 28 28 41.1 965 F
E.8 3.39 339 23.3 28.2 27.2 41. 2 968 F
E.9 3.39 254 24 28 28 41. 2 968 F
E.12 3.39 204 24 30 30 41.2 968 F
E.13 3.39 222 24 30.6 29.2 41. 7 981 F
E.14 2.54 222 33 33.8 32.3 53.8 1263 B
E.15 2.54 222 32 33 34 55.7 1310 F
E.16 3.39 162 24 30 30 39.9 939 F
E.17 3.39 121 24 26 29.4 38.0 894 s
E.18 3.39 97 24 27.1 31.5 38.7 911 s
•
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y , respectively, determined according to the definitions in Section 1.2.
·u
Modes of failure are indicated by S for shear, F for flexure, andB for bond
failure in stirrups.
For example, Figs o 6a and 6b show an overall view and a closer view
of the right .side, respectively, of the test beam E.12. The crack patterns
are marked so as to indicate extent of cracking for the value of shear
marked on the beam, and the dark lines marked on the web of the test beams,
perpendicular to the longitudinal axis, indicate the location of the web
reinforcement. The values of yf and ydtcan be readily determined from Fig.
cc
6b as 24 kips and 30 kips, respectively. The mode of failure may be ob~
served to be flexure.
Inclined diagonal tension cracking occurred in all of the test beams.
This cracking was in. all instances char.acterized by its sudden appearance
and by its initiation from an interior point in the web of the test beams.
Because the hydraulic loading apparatus was of the type which controlled
the displacement introduced'into the test beams and measured the correspond-
ing applied force, a further characteristic of the diagonal tension cracking
was a noticeable drop off in the measured applied load at the instant.the
diagonal tension cracking formed. In general, the amount of load drop off
was greater for tests with the greater aid ratios.
In the test beams without web reinforcement, Eol through E.4, the
diagonal tension cracking load was in effect the ultimate load. Although
the test beams did not collapse with the formation of diagonal tension
crack~ng, their appearance indicated extreme instability, particularly for
. the three test beams with the greater aid ratios. As a consequence of this
instability, these four test beams were unloaded after the diagonal tension
cracks formed. They were subsequently re-loaded to complete failure, charac-
terized by a total loss of load carrying capacity. These final values of
ultimate load are given as Y in Table 5; however the value ofydt for these
u c
four test beams may be more appropriately regarded as the ultimate load o
The state of cracking in the test beams at the time of formation of
the inclined diagonal tension cracks was reconstructed from photographs of
the test beams, and is presented in Appendix I. These figures are ~leva­
tion views of the test beams in both the static and repeated load test group,
a. Elevation view, end ~ on right
b. View of end ~
Fig, 6 E.12 after failure
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the two beams in the repeated load test group being included because the
first load cycle causing inclined cracking may be regarded as a static test.
Note that in the case of test beams without web reinforcement, diagonal ten-
sion cracking occurred on only one side of·the test beams, since failure was
synonymous with the diagonal tension cracking load. For test beams with web
. reinforcement, however, there was substantial load carrying capacity beyond
diagonal tension cracking; consequently diagonal tension cracking would form,
at ~ifferent loads, in both shear spans.
In the figures in Appendix I, all cracking prior to the formation of
diagonal tension cracking is indicated by solid heavy lines. The .suddenly
appearing diagonal tension cracking is indicated by dashed heavy lines, and
the magnitude of the applied load shear causing this diagonal tension crack~
ing is indicated by the applied load at one of the two load points. Also
shown in the figures, in the conventional .way, is the location of the ver-
tical web reinforcement.
The principal stresses (calculated at the intersection points of the
grid lines and the junction of the web and top flange, the center of gravity
of the concrete section, and the junction of the web and bottom flange) and
compressive stress trajectories shown in the shear span of the test beams
in Appendix I were determined using the familiar procedures of structural
mechanics, based on the assumptions of an uncracked section and no stress
concentrations. For such test beams as, for example, E.14, there was no
cracking in the shear span .prior to diagonal tension cracking, and therefore
the given principal stresses represent the state of stress just prior to
cracking, at least so far .as the assumptions stated are correct. However,
for such test beams as, for example, E.3, flexure shear cracking occurred in
the shear span prior. to the suddenly forming diagonal tension cracking; there-
fore the principal stresses in the region of the flexure shear cracking do
not represent the state of stress at the time of diagonal tension cracking,
The principal stresses given are based on the section properties of the trans-
formed cross-section, include the very slight effect of the dead weight of the
test beam, and utilize the experimentally determined value of the. prestress
force at the time of test given in Table 4.
Examination of the figures in Appendix I suggest that there may be
three test beams, E,l, E.2, and E.3, which have a lower value of the inclined
•23
cracking load than the value of the diagonal tension cracking load given in
Table 5. Pictures of these three test beams are shown in Figs. 7a, 7b, and
7c. From these pictures values of Vfs in agreement with the definition of
c
significant flexure shear cracking in Section 1.2 may be approximately deter-
mined; the values selected are given in Table SA. The value of Vfs equal to
c
26 kips for E.3 is the same as the value of Vdt given in TableS. In this
c
case the diagonal tension crack formed while holding the load on E.3 con-
stant at a shear of 26 kips, during the time that the experimental readings
were being taken and crack patterns marked. A significant flexure shear
crack, however, had formed just prior to reaching the shear of 26 kips.
Table SA. Flexure Shear Cracking
Test Beams aid Vfs
c
(kips)
Eol 6.35 17.5
E.2 5.08 22
E.3 4.23 26
Modes of failure of the test beams were classified in Table 5 as
flexure, shear, or bond. The flexural failures were all similar, being
characterized by crushing of the concrete in the compression zone and sudden
complete collapse of the test beam. Test beam E.5 may be regarded as typical
of the flexural failures; pictures of this failure are shown in Fig. 8.
The shear failures were quite dissimilar. Consider first the beams
without web reinforcement, E.l through E.4. As previously ,noted, the forma-
tion of diagonal tension cracking caused the beam to appear unstable, but did
not trigger a collapse mechanism. Subsequent un-loading and re-loading to
complete failure led to a collapse mechanism characterized in all four cases
by crushing of concrete in the lower portion of the web and by the apparently
simultaneous development of a tension crack in the top flange. The failure
in E.4 typifies this description, and a picture of this particular failure
mechanism is shown in Fig. 9 0 The failure in test beams Eol through E.3 was
similar to that shown in Fig. 9 for E.4, and tQe failure region in all cases
•a. Beam E.l
E2
b. Beam E.2
c. Beam E.3
Fig. 7 E.l, E.2 and E.3 after failure
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a. Elevation view, end ~ on right
b. View of failure region
Fig. 8 Flexural failure in E.5
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was located approximately a distance equal to the effective depth of the
specimen from the reaction .
Two beams with web reinforcement, E.17 and E.18 failed in shear. An
overall view, and a close-up view of the shear span in which the failure
occurred, are shown for both of these beams in Figs. 10 and 11, respec-
tively. Note that only the close-up view of E.18 is taken in the test set-
upo The other three pictures were taken after the beams were removed from
the test set-up, and artificial means are used to indicate the approximate
location of the reactions and load pointso
The shear failure in E.17 was gradual and non-violent, being charac-
terized by crushing of concrete in the web o No stirrups were broken. In
contrast, the shear failure in E.18 was sudden and vio1ent o Examination
of E.18 after failure showed that the second and third stirrup from there-
action had fractured. Because of the suddenness of the failure, it was
considered most probable that the shear failure mechanism was triggered by
fracture of the web reinforcement. However, as an examination 'of the close-
up view of E.18 in Fig o 11 indicates, it is possible that the first stirrup
from the support failed in bond, thereby causing the fracture of the second
and third stirrupo
As noted in Section, 2.1, beams E.13 and Eo14 had inverted L-shaped
stir~ups for web reinforcment, in contrast to the U-shaped stirrups used in
the other test beams. Beam E.13 failed in flexure, since the web reinforce-
ment was able to increase the load carrying capacity of the member from the
inclined cracking load to the full flexural. capacity of the ,section. How-
ever, E.14 failed in shear apparently due to a bond failure in the web re-
inforcement. As can be seen from the close-up view of the failure region
in Fig. 12, the second stirrup from the reaction had insufficient embedment
below the point at which it was crossed by an inclined crack to develop the
strength of the stirrup, thereby triggering the shear failure 0 The failure
mechanism for Eo14 was therefore described in Table 5 as a bond failure in
the stirrupso
Load-deflection curves for each test beam in the static test group
are p~esentedinAppendixII. On each curve is indicated the shear at which
the first flexural crack was observed, Vf , and the shear at which the in-
c
clined diagonal tension cracking formed, Vdt .
c
.•
Fig. 9 Shear failure in E.4
a. Elevation view, end ~ on left
b. Opposite side view of failure region
Fig. 10 Shear failure in E.17
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a. Elevation view, end ~ on right
b. View of failure region
Fig. 11 Shear failure in E.18
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a. Part elevation view, end @ on right
b. View of failure region
- Fig. 12 Failure region "in E. 14
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Strain.measurements were taken at selected intervals during the course
of a beam test. With reference to Fig. 3, the Whittemore targets can be separa-
ted into two groups. Let the first group be considered to corisistof the s~t
of targets on the C.G.S., ioe. on the horizontal. line G, and the second group
the set of targets~n vertical lines 10, ll~ and 12.
The first group of targets was intended, in addition to the use des-
cribed in Section 3.3, tb show the variation in concrete deformation with load
along the. C. G.S.. Accordingly strain data for E. 16, which failed in flexure,
and E.17 and E.I8, which failed in shear, are presented in Figs~.13, 14, and
15, respectively. Data taken for the other test beams ate not reported. In
these figures, the variation in concrete deformation along the C.G.S. is given
for three values of shear: V equal to 24 kips, 32 kips, and 38 kips. For all
three test beams, the flexural cracking load, Vf , was equal to 24 kips; there-c· .
fore the deformation at this load may be regarded as concrete strain.. At V
equal to 32 kips, inclined diagonal tension cracking had occurred for all
three beams, and flexural cracking had extended across the C.G.S. The deforma-
tions for V equal to 38 kips are, in all three cases, indicative of the deforma-
tions.at ultimate load.
The second group of targets was intended to give the deformation at a
vertical section in the constant moment region of the test beams. Theresults
ob'tained for all of the test beams were very similar. Test beam E.5 may be
regarded as typical; the data for this beam are plotted in Fig. 16. Each
plotted point: is an average of readings between lines 10-11'and 11-12 on both
sides of the member •. Note that this pl.ot includes data taken before and after
tran~fet,.swell as prior to and during the test~ In ri~. 16, the strains
before and after transfer, from transfer to test, and during the test are
plotted separately, i.e. forexample,· the strain from after transfer to test
is measured between the vertical zero line and the indicated line.
In Fig. 17,· the datain Fig. 16 has been used to determine the elastic
sttairi di.stribution i~ E.5 just prior to testing, i.e. at V equal to zero,
and corresponding to selected magnitudes of shear during th~ test. The strain
dis.tributiori determined from the Whittemore readirigs before and· after transfer
was assumed to be elastic strain. This was corrected to approximately indicate
the elastic strairi just pribi to testirig by evaluating the effect of the change
in prestress force due to the inelastic losses occurring frbm after transfer
,.
• • •
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Fig. 13 Concrete deformation along C.G.S. during test of E.16
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Fig. 14 Concrete deformation along C.G.S. during test of E.17
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Fig. 15 Concrete deformation along C.G.S. during test of E.18
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Fig. 16 Strain distribution of E.5
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Fig. 17 Elastic strain history of E.5
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to time of test. The deformation corresponding to the different increments
of shear were then added to the elastic strain at V equal to zero. From
Fig. 17, the strain in the top fibers of the test beams, e , and the approxi-
u
mate location of the neutral axis at failure can be determined by extrapola-
tion to the ultimate load, V equal to 42.0 kips.
u
Values of 6 , determined as indicated in the preceding paragraph,
, u '
and ultimate moment, M , are given in Table 6 for those test beams failing
u
in flexure. The values of M include an allowance of 2.9 ft.-kips for dead
u
load moment. The average experimental ultimate moment of these nine beams
was 168.2 ft.-kips. For comparison, the calculated ultimate flexural capacity
using the TRPC method, assuming all of the strand concentrated at the
C.G.S, and taking fl equal to 6920 psi (average concrete strength of test
c
excluding E.10 and E.ll) and f' equal to 252.2 ksi, was 164.5 ft.-kips.
s
• Table 6. Beams Failing in Flexure
•
•
·•
Test eu I MI U
Beam (in. / in.) 1. (ft.-kips)I1
!
1
E.5 0.0027 I 170.9
E.6 0.0027 i 170.1
E.7 0.0028 167.3
E.8 0.0025 167.7
I E.9 0.0025 167.7
I E.12 0.0028 167.7I
E.13 0.0025 169.7
E.15 0.0025 11:0.0
E.16 0.0028 162.5
3.5 Repeated Load Tests
Two beams, E.10 and E.ll, were first symmetrically loaded on a 4 ft.
shear span to a load sufficient to cause diagonal tension inclined cracking,
and then subsequently subjected to repeated loadings of a, lesser magnitude.
The loading history for the two test beams is summarized in Table 7.
Table 7. Loading History
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Test Loading Cycle Y Y Remarks
Beam N min max(kips) (kips)
1 0 32 Initial static test:
yf = 24 kips
c
ydt= 30 kips, both ends
c
2
- 6 0,8 18 Static tests
.E.lO 7
-
3,200,000 8 18 Repeated load test at 250 cpm.
(~/d=3.39) 3,200,001
-
4,000,000 8 18 Repeated load test at 500 cpm.
4,000,001 - 4,526,900 8 28 Repeated load test at 250 cpm.
Fatigue failure in one wire
of bottom strand at N=4,526,900
1 0 32 Initial static test:
Vf = 24 kips
c
E.1l ydt= 30 kips end CD ,c(a/d=3. 39) 28 kips end @
2
- 5 0;8 24 Static tests
6 - 2,007,500 8 24 Repeated load test at 250 cpm.
Fatigue failure in stirrup,
end CD , at N = 2,007,500.
---.._-
Both beams were initially loaded to a maximum shear of 32 kips, using
. exactly the same procedure as employed for the static beam tests presented
in Section 3.4, and the comparable values of yf and ydt for these initial
c c
static tests are given in Table 7. The beams were then unloaded, and subse-
quently subjected to several additional static tests to determine the load de-
flection response of the cracked member. In addition, Whittemore readings
were taken using primarily the group of targets on lines 10, 11 and 12. Also,
a location along the diagonal tension crack was arbitrarily selected at which
the. variation in width of the crack with load was measured.
••
•
•
·•
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The 0,8 kip notation for V. indicates that either of these values
m~n
of shear correspond to the minimum load in the static load cycle. For ex-
ample, in the case of E.10 beginning with the second load cycle, the load was
varied from zero to a maximum of 18 kips shear and then .back to:·zero. At
this point E.10 was permitted to rest overnight. Beginning with the third
load cycle on the second day of the test, the load was taken from zero to
18 kips shear, and then back to 8 kips shear. The subsequent fourth through
sixth static tests continued in the 8 to 18 kip range, after which the re-
peated loading was applied.
Static tests, similar to those described above, were conducted at
selected intervals during the repeated loadings. Rest periods, in general
for overnight, were permitted after a static test.
The repeated loading for both beams was applied at the rate of 250 cycles
per minute, except for the load cycles between 3,200,001 and 4,000,000 applied
to E.10, when the loading rate was increased to 500 cycles per minute. The
magnitude of the maximum load applied in the repeated load cycle was controlled
by the known load deflection response to the member determined from the pre-
ceding static tests; i.e., the magnitude of the repeated loading was adjusted so
that the maximum deflection of the fest beam while subjected to the repeated
loading was the same as the deflection in the static test at the maximum load.
The tests on E.10 and E.ll extended over a period of 16 and 9 days, respec-
tively.
As indicated in Table 7, the repeated loading applied to E.10 for the
first 4,000,000 load cycles ranged between 8 and 18 kips shear, which corres-
ponds to 19% and 44%, respectively, of the applied load shear required to
develop the flexural capacity of the member. At N equal to 4,000,000 there
was no indication of structural damage in the member, which promptep the de-
cision to change the loading range to between 8 and 28 kips shear, correspond-
ing to l~ and 68% of the ultimate capacity. Failure in E.10 occurred at
N equal to 4,526,900 load cycles as a fatigue fracture in one wire of one of
the bottom strands.
The load-deflection curve for E.10 at N equal to 1, 2, 4,000,000 and
4,400,000 is shown in Fig. 18. Between N equal to 2 and N equal to 4,000,000
the load deflection diagrams obtained from the static tests. remained essen-
tially unchanged. Between N equal to 4,000,000 and N equal to 4,400,000 the
•
..
·..
..
•
32r------r---~--_,_--____,~-___,
28...-----+----+---#----+-~-r*--t__-___t
24·J-----+--.l----+--:~.....,..~----t__-___t
~r-N=4,000,000
I
~-N=4,400,000
en 20...------------Ir.........j-,/ftl----r--~t------t
0.
.-~
c:
..> 16t---.....--;-"j.......-;.p.---t-----t---------t-------1
..
0::
<C
W
:::L
V) 121----+---4~'-----+-----+---~t__-___t
N=2
8t--..-..-~..&+----+---___+_--___l--____f
4t-+--...+---+---_+_--___+_--___l-----____f
39
·•
00 0.2 0.4 0.6 0.8
MID-SPAN DEFLECTION,in inches
Fig. 18 Load~def1ection curve for E.10
1.0
••
f
•
t
40
load deflection diagram continually moved to the right. The load deflection
data obtained is summarized by the Deflection - N diagram shown for E.10 in
Fig. 19, where corresponding to 0,8, 18,and 28 kips.shearmid-spandeflection
is plotted against the N at which the static test was conducted.
In Fig. 20, the variation in width of the diagonal crack at an arbi-
trarily selected point is plotted against N. The Whittemore readings were
used to determine the variation in concrete strain in the top fibers (line
A), at the C.G.S. (line G), and at the level of the lowest strand (line H),
for N corresponding to the indicated values of shear, as shown in Figs. 21,
22, and 23, respectively~ Each point plotted in these figures is an average
of four readings, i.e., an average of the readings between lines 10-11 and
11-12 on both sides of the member.
A close-up view of the failure region in E.lO is shown in Fig. 24. The
vertical line of targets is line 12. The failure was characterized by a sud-
den increase in the deflection of the test beam, and a noticeable opening of
the flexure crack in the region where the fatigue fracture of the strand
occurred.
The repeated loading applied to E.l1 varied between 8 and 24 kips
shear, corresponding to 19% and 58% of the static ultimate shear. Failure in
E.l1 occurred at N equal to 2,007,500 load cycles as a fatigue fracture of the
web reinforcement.
Load-deflection curves for E.11 at Nequal to 1, 2, and 1,900,000 are
shown in Fig. 25. The variation in mid-span deflection between N equal to 1
and 1,900,000 is given in the Deflection - N diagram, for values of shear
equal to 0, 8, and 24 kips, in Fig. 26. The variation in width of the diagonal
crack at an arbitrarily selected location with N is shown in Fig. 27. Varia-
tion in concrete strain in the top fibers (line A), at the ·C.G.S. (line G),
and at the level of the lowest strand (line H), with N for the indicated values
of shear is shown in Figs. 28, 29, and 30, respectively.
Close-up views of both sides of the failure region for E.ll are shown
in Fig. 31. The first visual evidence of structural damage was the noticeable
increase in width of the diagonal crack, at approximately N equal to 1,5~0,000·
cycles. Subsequently, noticeable extension of the diagonal cracking occurred,
particularly in the region of the tension flange. The last static test was
... . .. .. .. .., " .
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conducted at N equal to 1,970,000 cycles, at which time failure appeared to
be imminent. However, the test beam was able to sustain an additional 77,500
load cycles. During this period the diagonal crack continued to grow in width,
until/at failure the width was estimated as greater than three-sixteenth of
an inch, which was wide enough to see completely through the web of the beam.
The width of the crack appeared to increase at a non-uniform rate, and seemed
to be associated with extensions of the diagonal cracking. Final failure
occurred suddenly with the fracture of the third stirrup from the support.
This was the exact location at which the width of the diagonal crack had been
measured, the data being presented in Fig. 27, as previously noted.
3.6 Re~loaded Static Tests
As previously explained, after a test in either the static or repeated
load test group had been completed, the crack patterns were marked and. the
test specimen photographed. The specimen was subsequently stored in the
laboratory for a short period before disposal.
However, several of the test beams had a region away from the location
of the failure which was of sufficient length to permit a second ultimate
strength test. The physical appearance of these regions indicated a high
degree of recovery from the preceding test. Flexure and shear cracks were
completely closed, and there was a noticeable camber, indicating that the
prestress force was still retained in the region away from the failure.
Consequently four test beams were selected on which a second ultimate
strength test was conducted. These four were E.ll, E.16, E.17, and E.18, and
.~
the results of these tests are summarized·in Table 8. No strain measurements
or'deflection readings were taken during the test, nor was the strength of
concrete at the time of the re-loaded test determined, as all cylinder tests
had been conducted with the preceding static or repeated load test. The age
of the specimens at the time at which the re-loaded test was conducted was as
follows: E.ll- 396 days, E.16 - 186 days, E.l? - 190 days, and E.18-
189 days.
Table 8. Re-1oaded Static Tests
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Specimen P M Ratio of Remarks
u u M to
u
Flexural
(kips) (ft-kips) Capacity
E.ll 67.8 163 0.98 Existing flexural cracks
CD ~P
observed to re-open at
P = 38 kips. First in-
d c1ined crack in 6'-0"\ shear span at P = 50ZS kips. Apparent shear
L4':0J .I compression failure in6'-0" 4'-0" shear span.
--
E.16 62.5 139 0.84 First inclined crack
~ in 5' -0" shear spaniP at P = 30 kips. Appar-ent shear compressionJ failure in 5'-0" shearLS span.
I. 4' -0" .1. s· -0" .1
E.17 58.0 139 0.84 Existing flexural
cracks observed to re-
d:
~P open at P = 27 kips.First inclined crack
1
in 6' -0" shear span at
P = 33 kips. Shear
ZS failure in 4'-0" shear
1.4'-0".1. .1 .
span due to stirrup
6' -0" fracture.
E.18 57.2 138 0.83 Existing flexural
cracks observed to re-
p } ; open at P = 20 kips.First inclined crack in~ 6'-0" shear span atP = 31 kips . . Apparent.
LS shear compression fai1-
I. L~-d ure in 6'-0" shear span.6'-0"
••11
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4. DISCUSSION
4.1 Overload Behavior of Prestressed I-Beams
As noted in Section 1.1, knowledge of the ultimate strength of a pre-
stressed beam requires an understanding of the physical behavior of this type
of member under load. This behavior may be described with reference to the
uncracked or cracked loading range.
In the uncracked range, the familiar formulas of structural mechanics,
based on an uncracked section and a linear strain distribution, are applicable.
However, at cracking a fundamental change takes place in the way in which the
prestressed beam carried load. Two cases are important. Where flexure pre-
dominates, the strain distribution remains linear beyond the flexural crack-
ing load up to the ultimate failure condition. With this as a compatibility
condition the ultimate flexural capacity can be accurately determined using,
for example, the procedure by Mattock, Kriz, and Hognestad~2) Where shear is
significant, inclined cracks develop in the prestressed beam. In the zone of
inclined cracking the strain distribution is non-linear. If shear is critical,
the inclined cracking leads to a shear failure.
The ultimate shear strength of prestressed concrete members has been
studied extensively in recent years. Three important conclusions may be drawn
from these investigations: (1) the inclined cracking load in a prestressed
beam without web reinforcement is the same as the inclined cracking load in a
prestressed beam with web reinforcement; (2) the inclined cracking load in
a prestressed beam without web reinforcement and subjected to moving loads is
the ultimate load, and (3) the stress in web reinforcement is not significant
unless crossed by an inclined crack.
Tests on thirty-three pretensioned I-beams without end blocks by Hulsbos
and Van Horn(3) may be regarded as a basis for the first conclusion. The re-
sults of their tests indicated that the amount of web reinforcement had no ap-
parent effect on the magnitude of shear causing the formation of inclined
•
·•
cracks. This conclusion is supported by the
sented in Table 5. Comparison of the values
aid ratio of 3.39 shows no significant trend
McClarnon, Wakabayashi, and Ekberg(4)
results of the E Series tests pre-
of Vdt for beams tested on an
c
with amount of web reinforcement.
conducted tests on two preten-
sioned beams of rectangular cross section without web reinforcement which were
•
•
•
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first symmetrically loaded until fully developed flexure shear cracking had
occurred. The two beams were then unloaded, and subsequently re-10aded to
failure on an increased shear span. In comparison to similar test beams on
which the shear span was not changed, the results of their tests indicated a
significant reduction in ultimate strength due to moving the load points.
This reduction in strength was attributed to loss of restraint on the deve10p-
ment of the flexure shear crack as a result of moving the load point. Speci-
fically, with regard to test beams C10 and C11 shown in Fig. 27 of their re-
port, the ultimate load carried by C10 of 12.8 kips may be seen as closely
equal to the load which caused the flexure shear crack to form in C11. This
work therefore supports the second conclusion for inclined cracking of the
flexure shear type. For inclined diagonal te~sion cracking the second con-
clusion holds without the restriction that the loads be moving loads, as may
be readily seen from the results on E.1 through E.4 presented in Section 3.4.
Work by Mattock a~d Kaar(5) on the shear strength of continuous pre-
stressed girders with web reinforcement forms a basis for the third conclusion.
Their investigation showed that prior to diagonal tension cracking, the web
reinforcement was only slightly stressed, in either tension or compression.
With diagonal tension cracking, web reinforcement crossed by the cracking
yielded immediately.
The importance of the three conclusions discussed in the preceding para-
graphs emphasizes the need of being able to accurately determine the inclined
cracking strength of a prestressed beam. Consider first the flexure shear type
of inclined cracking, which begins as a flexure crack but, because of the
presence of shearing forces, becomes inclined in the direction of increasing
moment. An important characteristic of this type of cracking is that its de-
velopment is more rapid than a flexural crack. Therefore the flexure shear
inclined cracking load at a particular section in the beam may be conservatively
but realistically taken as the load which will cause a flexure crack to first
form at some distance in the direction of decreasing moment from this section.
The distance from the section must be sufficient to permit the 4eve10pment of
a significant inclined crack which would lead to a critical shear condition.
In the tests by Hu1sbos and Van Horn, referred to previously, the
principal stress method was determined to be a satisfactory method for evaluating
..
.
.
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the diagonal tension cracking strength of pretensioned I-beams. Their con-
clusion was based on a study of the calculated state of stress in the web of
the I-beam just prior to inclined cracking, and included an approximation of
the stresses due to the stress concentration from the reaction and load point.
The inclined cracking load was calculated as the load causing the principal
tensile stress to reach a certain limiting value at any point in the web of
the I-beam. The limiting value of principal tensile stress recommended by
Hulsbos and Van Horn was the stress determined from a tensile test specimen
,
with a 4 by 4 in. cross section.
A very thorough study of the shear at inclined cracking of a large num-
ber of prestressed beams has been made by Hernandez, Sozen, and Siess. Design
proposals by Hernandez, Sozen, and Siess, based on the findings of their study,
have been summarized by Mattock and Kaar(5) and state that the shear at in-
clined cracking shall be taken as equal to the least shear which will produce
either of the following effects: (a) a net tensile stress of 6 ~ in. the
c
extreme fiber in tension at a distance from the section considered equal to
the effective depth of the section, measured in the direction of decreasing
moment; or (b) a principal tensile stress of 4 ~ at the intersection of
c
the neutral axis with a 45 0 line drawn in the qirection of decreasing moment
from the extreme fiber in compression of the section considered.
The significant feature of the proposals by Hernandez, Sozen, and Siess
is that only the state of stress at the neutral axis of the member is considered
in determining the inclined diagonal tension cracking load. Since the state of
stress at the bending neutral axis is simplified because flexural stresses are
zero at that point, the inclined cracking load becomes a function of only two
variables, the limiting tensile strength of the concrete and the effective pre-
stress force, and can be readily calculated.
Based on the discussion in the preceding paragraphs, consider the be-
havior of a simply supported prestressed beam with web reinforcement, as shown
in Fig. 32, subjected to a uniform load, w, simulating the dead load on the
member and a concentrated live load, P, which may have a variable magnitude
and location. In the typical design situation, with increasing span length, L,
the uniform dead load would become a greater part of the total design load. The
crack patterns may develop in several different ways. For beams with the
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Fig. 32 Behavior of a simply supported prestressed beam
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greater span lengths the first cracking in the beam would be flexural cracking,
followed by flexure shear cracking adjacent to the concentrated load. For in-
.termediate span lengths diagonal tension cracking may either precede or follow
flexure shear cracking. For short spans diagonal tension cracking may precede
flexural cracking.
In Fig. 32, let the span be regarded as being of intermediate length;
therefore both flexure shear and diagonal tension cracking must be considered.
Consider the load to be applied at a particular location, ~L. Step 1 shows
the shear diagram with only the uniform dead load applied. Next apply a load
p of suf~icient magnitude to initiate flexural cracking, say pf Designate
, c
the ordinates of the shear diagram, with pf applied, at the section of maximum
c
moment as points r, as indicated in Step 2. If P is increased above pf but
c
less than the load causing failure for any value of~, i.e. the moving ulti-
mate load, P , the resulting shear diagram would be that shown in Step 3.
u
Designate the ordinates of this shear diagram which correspond to the sections
at which the moment is equal to the flexural cracking moment as points s. The
shear diagram shown in Step 4 is drawn for the load P equal to the moving ulti-
mate load P . Designate as t the ordinates on the P shear diagram where the
u u
moment is equal to the flexural cracking moment.
On the Pu shear diagram in Step 4, plot the points rands. The curve
drawn through the three points, r, s, and t may be called the flexural cracking
curve. Cross-hatch the area between the flexural cracking curve and the P
u
shear diagram. Since a flexure shear crack begins as a flexural crack, .t:h'ee:·,(,
region 'in which fleftJ.1,rE:!,:;shearcracking may occur is the' length'along the beam
represented'by the cross-hatched area.
To include the effect of inclined diagonal tension cracking, return to
the shear diagram shown in Step 3. The region of maximum shear must be in-
vestigated. The state of stress at the bending neutral axis is assumed to be
as shown on the sketch of an element of material adjacent to the Step 3 shear
• diagram. Knowing the prestress force and the value of the principal tensile
'strength of the concrete at the bending neutral axis ( cg ) at which crackingUt
• ydt• will occur, the critical shear Y equal to may be calculated. Represent the
c
•
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value of v~t by the ordinate u. Consider the point at which u is p1ott~d in
Step 3 of Fig. 32 to be the location along the bending neutral axis where dia-
dtgona1 tension cracking will first occur, i.e., corresponding to P equal to P
c
As P is increased above
equal to or greater than that
pdt other sections will be subjected to.a shear
c '
indicated by the critical ordinate u, and may be
•
·
·
expected to develop diagonal tension cracking. Thus at the load P , diagonal
u
tension cracking may be expected to occur in the region where the shear is
greater than that indicated by the ordinate u.
Step 5 in Fig. 32 summarizes the discussion of the behavior of the simply
supported prestressed beam with web reinforcement when the load P is applied
u
at a particular location ~L. The singly cross-hatched area defines the region
where flexure shear cracking may occur; the doubly cross-hatched area defines
the region where diagonal tension cracking may be expected.
To consider the effect of P as a moving load, the procedure described
u
in the preceding paragraphs could be repeated for selected values of ,~ in-
creasing from a to 0.5. More succinctly, the maximum shear envelope may be
drawn, and the shear at any section at which flexure shear and diagonal ten-
sion cracking may occur may be determined as the shear causing either a
flexural stress in the bottom fibers equal to the flexural tensile strength
of the concrete or a principal tensile stress at the bending neutral axis
equal to the principal tensile strength of the concrete, respectively. This
is indicated in Step 6 of Fig. 32, where again the region denoting the length
along the beam where flexure shear cracking may occur is singly cross-hatched,
and the region where diagonal tension cracking may occur is doubly cross-
hatched.
Furthermore, since the web reinforcement in the beam carries essentially
no load until crossed by an inclined crack, the ordinate of the cross-hatched
area at any particular section represents the amount of shear which must be
developed after the web reinforcement begins working in order to sustain the
load P. It therefore appears that the amount of web reinforcement required
u
is a function of the ordinate of the cross-hatched area.
Consider a section arbitrarily located in the beam in Fig. 32 in the
region where inclined cracking would exist, as shown in Fig. 33. A free body
•62
diagram of the portion of the beam to the left of this section maybe drawn by
separating the beam along the path of an inclined crack, say JK, and by a ver-
tical cut through the concrete at the top of the inclined crack, say KL.Since
the path of the inclined diagonal tension crack will not extend through to the
bottom flange in the region of J, the section taken along JK may pass through
some concrete. The principal forces at this section would be the two compon-
ents of the resultant force in the strand, FH and FV' the two components of
the resultant force in.the web reinforcement, Vw and Vw , and the resultant
. H . V
force transmitted through the concrete which may be represented by a horizontal
compressive force C and a shearing force V. For prestressed beams with web
c
reinforcement, the horizontal component of the force in the web reinforcement
is small, and therefore Vwmay be taken as simply V. Likewise the verticalV, w
component of shear transmitted across the prestressing elements is small,
particularly if the prestressing elements are seven wire strand, and may be
neglected. Thus the general free body diagram may be replaced by a simplified
free body diagram, also shown in Fig. 33.
Let V be the ultimate shear on this section located an x distance
u
from the left support. For equilibrium:
V = V + V
u c w
But V may be regarded as known, based on the assumption that web reinforce-
w
ment crossed by an inclined crack has yielded. Therefore if A is the area of
v
a single stirrup and s the spacing:
V
w
~dA f •
v y s
where f is the yield stress of the web reinforcement. Solving for A givesy v
the equilibrium requirement that:
•
•
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"• Fig. 33 Shear equilibrium condition
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Equation (1) has several significant features. If V and"~ were known
c
the form of Eq. (1) is such that it could readily be used as a design equation.
In fact, with -I = 1, Eq. (1) has been presented asa design proposal by Her-
nandez~ Sozen,and Siess, as reported in an article by Mattock and Kaar~5) where
V is taken as the inclined cracking load and calculated according to the recom-
c
mendationspreviously given on p. 58 Mattock and Kaar(5) have also presented a
design equation of the form of Eq. (1), where V is calculated according to the
·c
recommendations of Hernandez, Sozen, and Siess and the factor ~ is taken equal
to 3.5 sin (a/d). Mattock and Kaar's proposal correlated excellently with the
results of thirteen tests which they conducted on continuous pretensioned beams
failing in shear.
The physical justification for taking the shear carried by the prestressed
beam just prior to inclined cracking as the shear carried by the concrete, along
the cut KL, at failure is by no means apparent. The results of the tests on
beams E.l through E.4 as reported in Section 3.4 support the statement, however.
These four beams, all without web reinforcements, were initially loaded until
inclined diagonal tension cracking formed, at the shear indicated in Table 5 as
Vdt . At this point in the test the beams, which had become very unstable; were
c
unloaded. Subsequently the beams were re-loaded to failure, indicated as the
shear V in Table 5. In the re-loading process essentially all of the shear
u
must have been carried by the concrete in the region above the top of the in-
clined crack. The lowest ratio of V to Vdtis 0.80, in the case of the beam
uc dt
with the longest shear span, while the average ratio of V
u
to V
c
for these four
tests is 0.90, Furthermore, there is reason to believe that with even ~ small
amount of web reinforcement, the crack opening in the web would have been suffi-
ciently restricted to increase the ratio of V to Vdt to one or greater.
u c
The angle of inclination of the inclined crack, for diagonal tension
cracking, is closely associated with th~ direction of the compressive stress
trajectory, as can be readily seen from the sketches of crack patterns pre-
sented in Appendix I. When an increment of load has been applied which causes
the diagonal tension crack to form, its initial length, i.e. initial value of
/ ' appears quite arbitrary, probably depending on the relationship between
the location of the crack and the position of web reinforcement in the vicinity.
Immediately there is a re-distribution of shear in the beams, as the stirrups
crossed by the crack pick up an amount of shear at least approxfmately equal to
Any further increase in shear must be carried either by the concrete
•
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A f .
v y
above the top of the crack or must cause extension of the inclined crack so
as to intersect additional web reinforcement, provided that the contribution
to the shear carried by the concrete or strand below the bottom of the crack
is neglected. The important feature, however, is not the relationship between
this division of load for values of shear on the section less than the ulti-
mate shear, but rather the conditions that exist as the last increment of load
is applied before the ultimate shear capacity is reached. The limited obser-
vations made from the tests reported herein indicate that before failure would
,>".
occur the inclined crack will always have developed sufficiently to have
crossed all web reinforcement in its projected path. Failure will supsequeritly
occur either as a fracture of the web reinforcement or in the compression zone
of the concrete, provided that failure has not occurred prior to this due to
web distress, i.e. crushing of concrete in the web. This criteria suggests
that I- might be reasona1y calculated as the factor which, when mu1tipli.ed by
d, gives the horizontal projection of an inclined diagonal tension crack with
inclination approximated as the angle of the compressive stress trajectory at
the bending neutral axis, and considered to extend from the junction of the web
with the top flange to the lowest depth at which the web reinforcement may be
regarded as effective. Formulated, this definition may be expressed as:
.ie
(tan Q)d (2)
..
-
•
..
where ~ is the distance from the intersection of the top flange and web to
e
the lowest point at which the web reinforcement may be regarded as effective.
With reference to flexure shear cracking, ~ could have values varying
from zero to greater than one. Experimental observations of test beams criti-
cal in shear have indicated that flexure shear cracks forming at ~ values of
1es~ than one are supplanted by more critical flexure shear cracks with values
of ~ greater than one. Therefore it appears conservative to take r1 equal
to one for all flexure shear cracking.
With V
c
and ~ values determined according to the discussion in the pre-
ceding paragraphs,Eq. (1) becomes a criteria for proportioning vertical web
••
•
•
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reinforcement in a prestressed beam. But Eq. (1) has severe limitations as an
ultimate shear strength equation. The purpose of web reinforcement is to permit
an increase in the load carrying capacity of the beam above the inclined crack-
ing load. This is accomplished by effecting a re-distribution of forces in the
beam at inclined cracking. In effect, the beam action destroyed by inclined
cracking must be restored by web reinforcement. The conditions required to in-
sure that this restoration of beam action takes place must be met before Eq. (1)
can be regarded as having any meaning; these conditions include limitations on
the spacing of the web reinforc:ement, anchorage and bond requirements, etc.,
which can be summed up under the heading of good dimensional proportioning.
Assuming that the conditions required for the re-distribution of forces are met,
the prestressed beam critical in shear may fail in three ways: (a) by fracture
of the web reinforcement, (b) by web distress, i.e. by crushing of concrete in
the web, and (c) by shear compression, i.e. crushing of concrete in the compres-
sion zone. But if failure occurs as fracture of the web reinforcement, the
critical stress would be the ultimate stress, f, which may be more than 50%
u
greater than f. Similarly failure due to web distress or shear compressiony
must be associated with .the strength of the concrete. None of these indexes;
however, are an explicit part of Eq. (1). Therefore Eq. (1) must be. regarded
as an equilibrium requirement which holds, approximately, at loads close to
but not necessarily at the ultimate load•
4.2 Static Shear Strength of TesLBeams
Section 4.1 presented a general discussion of the static overload behavior
of prestressed I-beams with web reinforcement. The purpose of this section is to
correlate the results of the static tests presented in Section 3.4 with the dis-
cussion in Section 4.1.
For this purpose, the test results given in Table 5 and SA are plotted as ap-
plied load shear, V, versus the aid ratio on which the test was conducted, as
shown in Fig. 34. In this form, the results represent the experimentally de-
termined flexural cracking, inclined cracking, and ultimate strength of the type
of member being tested. The numbers beside some of the plotted points indicate
the number of tests for which that plotted point is an average.
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To be, significant,the diagram of,shear strength versus the aid ratio
must be associa.ted with a particular concrete strength. The data plotted in
Fig. 34 was taken? from tests which, as may be seen from Table 3, varied in
concrete strength from 6580 psi to 7)9fJ psi; the average for the 16 static
. . - ".. ,. '1~
tests was 6920 psi. Consider for example the point indicating the inclined
cracking strength of the test beams, on an aid ratio of 3.39. These 25 points
are plotted in Fig. 35, and indicate little variation in inclined cracking
strength with concrete strength over the small range of concrete strengths
being considered. Similarly the flexural capacities of the static test beams
failing'in flexure, presented in Table 6, do not indicate any significant varia-
tion~ith concrete strength. Therefore, in this discussion the data plotted in
Fig. 34 will be regarded as associated with a concrete strength ,of 6920 psi.
The flexural cracking strength of the test members would generally be
calculated from the equation:
[ f': t + F +A (3)
Using the properties of the transformed section of the test beams, Eq. (3)
becomes:
'Vf(a) + 2900'(12')" = 450 9 Cf' + F' '+" F(5.02,ll ('4,)'
c , ' , : • ", t 105.3 ' 450.9J
SolVing for f~:'
f' =
, t
f 4V (a)+3.48xlOc "
450.9
F
105.3
F(5.02)
450.9 , (5)
fUsing Eq~«5), values of F from Table 4, and values of V from Tables 5 and 7,
c
the flexfir~l tensile strength nf the concrete i fl" was calculated, and thet'
values determined are given in Table 9. The average value of the flexural ten-
silestrength, determined in this manner was 675 psi, and corresponds to an
.. average t:atio of f~ /~f~ of 8.07. The minimum ratio of f~!~f~ was 6.60, as
determined for E.13. Therefore the recommendation of Hernandef,1, Sozen, and
E·;-I.. ~.
Siess (page 58) that the critical tensile stress in the extreme fiber in ten-
sion be taken, as 6 ~ f~ would have conservatively predicted the flexural crack-
ing moment for all theE Series test beams. Their recommendation was based on
'f
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Table 9. Flexural Tensile Strength and Principal Tensile Strength
Determined from Test Beams
Beam f'
t
(psi).
f'
t I---,-..,--__(J'_~g ~~---_ I(j) End (iO) End
(psi) ~si) 0~·~d--·® End
4.85
4.81
4.65
4.50
4.68
5.30
4.66
5.31
4.80
6.08
6.25
5.28
5.24
5.83
5.22
5.90
5.29
4.65
4.86
4.74
5.24
5.16
5.25
5.15
5.83
5.88
5.28
4.38
4.54
395
405
395
375
395
455
410
445
410
500
520
440
425
475
3 2
-- --
3 2
--
2 3
--
3435
480
445
395
405
400
450
455
440
440
480
490
440
355
370
8.68
8.70
8.49
8.26
9.00
7.01
8.04
8.85
8.62
8.35
6.60
7.. 77
6.84
7.97
8.08
7.82
1
710
1
725
690
695
765
585
680
760
760
700
565
640
570
665
655
645
E.l
E.2
E.3
E.4
E.5
E.6
E.7
E.8
E.9
E.lO
E.ll
E.12
E.13
E.14
E.15
E.l6
E.17
E.18
Ave. 675 8.07 430 5.16
Notes: 1. Values of f~ calculated for these beams regarded as unrealistically
high, and indicate that the corresponding experimentally determined
f
values of V are too high.
c
2. Not applicable because of prior flexure shear cracking.
3. Diagonal tension cracking at other end only.
,
•
•
•
•
•
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an investigation which covered a much wider range of concrete strengths than
were included in the E Series tests. However, Fig. 36 shows a plot of f'
c
versus f'l ,~, and indicates no significant trend of the flexural tensilet \I r~
strength with compressive strength in the range of concrete strengths inves-
tigated. Based on the results of the E Series tests, the flexural tensile
strength of the concrete may be conservatively determined as:
f' = 6.5 \. ~c' ;.: (6)t \J L C ,
The v~ design curve shown in Fig. 37 was determined using Eq. (5), with f~
calculated from Eq. (6) based on the average concrete strength of 6920 psi,
and F taken as the average prestress force which, from Table 4, is 91.4 kips.
To understand the experimentally determined inclined cracking curve
shown in Fig. 34 as Vdt and Vfs observed, reference should be made to the pre-
c c
sentation of results in Section 3.4. The analytical approach used to deter-
mine the inclined cracking strength, as discussed in conjunction with Fig. 32,
depends upon whether the inclined cracking was classified as flexure shear or
diagonal tension. Consider first the flexure shear cracking. The Vfs design
c
curve shown in Fig. 37 was constructed by displacing the Vf curve a distance
c
d in the direction of increasing moment. It is a conservative es'timation of
fsthe V observed curve, as it must be since the flexure shear cracking was
c
not considered critical until, by definition, it occurred approximately a;dis-
tance d away from the load point.
The transition from flexure shear to diagonal tension cracking may be
seen, from Fig. 34, to take place in the neighborhood of an aid ratio of 4.
From an examination of the figures in Appendix I, the critical principal ten-
sile stresses (cr~g ) at the intersection of the path of the diagonal tension
crack as it first formed and the centroid of the concrete section may be
estimated, and are recorded in Table 9. The average value ofcr~g determined
in this manner was 430 psi, which corresponds to an average ratio of ~~g/~
of 5.16. ,The minimum ratio of rr:cg/'lfI was 4.38, as determined for E.17 .t \j L c
The recommendation of Hernandez, Sozen, and Siess (page 58) was that diagonal
tension inclined cracking should be considered to occur, for design purposes,
when a principal tensile stress of 4~ occurs at the intersection of the
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neutral axis with a 45 0 line drawn in the direction of decreasing moment from the
extreme fiber in compression of the section considered. As may be noted from the
figures in Appendix I, the values of the principal tensile stress along the neu-
tral axis are relatively cpnstant, because the dead load of the test beams is a
small proportion of the total load at inclined cracking; therefore .the location
of the section considered for diagonal tension cracking is not critical, and can
be taken as the section at which the diagonal crack formed. Thus it may be con-
cluded that the recommendation of Hernandez, Sozen, and Siess would have conser-
vatively predicted the diagonal tension inclined cracking strength of all of the
test beams in the E Series.
Values of (jc gl R are plotted against concrete strength in Fig. 38t
and the aid ratio in Fig. 39. In Fig. 38, the four points with the circle around
the solid point correspond to the four points in Fig. 39 on the aid ratio of 2.54;
the remaining points all correspond to the aid ratio of 3.39. From Fig. 38 it
may be seen that, in the range of concrete strengths investigated, the principal
tensile strength, expressed as a function of ~ ,is relatively insensitive
to changes in concrete strength. But from Fig. 39 it would appear that the value
of ~cg varies with the aid ratio.
t
In examining the figures in Appendix I, it should be again noted that the
indicated values of principal tensile stress were determined in the conventional
way; that is, the section was assumed uncracked, and only stresses due to the
prestress force, weight of the test beam, and applied test loads were considered.
To determine more closely the true state of stress in the web, consideration must
also be made of the stress concentrations due to the prestress transfer zone and
the concentrated load points. However, all of the test beams had an overhang
at the reaction of 15 inches which, as may be noted from Table 4, was in general
greater than the transfer distance. Furthermore the location of diagonal tension
cracking did not in any instance appear influenced by proximity to the end of the
test beam. Therefore the stresses due to the prestress force, at the locations
considered in the shear span, should be closely determined by the elementary stress
formulas.
To consider the effect of stress concentration due to the reaction and
load points, use was made of an approximate metho·d suggested by Hulsbos and Van
Horn~~) in wh~ch the stresses due to the concentra~ed force points are calculated
from Timoshenko and Goodier's(6) equations for stresses due to a concentrated
74
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force on the edge of a semi-infinite plate. In addition to the limitations
implied by the use of these equations, which are discussed by Hu1sbos and
Van Horn, the further assumption was made that 90 percent of the concentrated
force applied to the top or bottom surface of the I-beam should be used as
the edge force applied to the semi-infinite plate having a width equal to
the width of the web of the I-beam. With these assumptions, the equations
for vertical, horizontal, and shearing stress, respectively, become:
cr = 0.573
v
o-h 0.573
r
vh = 0.573
vdt 4 if /ycosc
Vdt . 2 if cos 2 c/ /y (7)s~n
c
Vdt sin r/ cos3 t /y
c
•
f
•
where
tan t/ = x/y,
and y.and x are the vertical and horizontal distances, respectively, from the
concentrated force to the point at which the stress is being calculated. The
vertical and horizontal stresses are compression, and the shearing stress
adds to the elementary shearing stress. These equations do not satisfy the
boundary conditions on the bottom surface of the I-beam, and therefore must
be regarded as very approximate.
The results of the calculations from the preceding paragraph are sum-
marized in Fig .. 40 for the two shear spans on which inclined diagonal tension
cracking occurred, Le., on the 3'-0" and 4'-0" shear spans corresponding to
aid ratios of 2.54 and 3.39 respectively. With reference to the results in
Table 5 or Fig. 34, it may be seen that the average value of Vdt for these
c
tests on the 3'-0" and 4'-0" shear spans is 29.1 kips and 33.4 kips, respec-
tively. As shown in Fig, 40,principa1 tensile stresses have been calculated
at the intersections of the grid lines with the junction of the web and top
flange, the centroid of the concrete section, and the junction of the web and
the bottom flange. At a particular point, the upper left hand corner number
is the principal tensile stress determined in the same manner as the princi-
pal stresses given on the figures in Appendix I, including only the effect of
shear, bending moment, and the average prestress force which, considering all
of the test beams, was 91.4 kips. The principal tensile stress recorded as
the upper right hand corner number includes the additional effect of the stress
..
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409 374 33!l 331 281 276 238 22!l
-3!l -4 -!l -13
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concentration from the concentrated forces determined using Eqs.(7). The
difference between these two principal stresses, recorded as the lower right
hand corner number, may be regarded as an approximate indication of the effect
of the stress concentration due to the load points on the state of stress in
the web of the I-beam.
seem that the crack should form in the region close to line
With this indication of the effect of the stress concentration,con-
Exam-
of E.5, which was tested with 4'-0" shear spans, it would
o and the
junction of the web and bottom flange where ~t is equal to 723 psi. How-
ever, the stress concentration from the load point reduces the value of Ut
in this region; furthermore any crack forming in this region would be quickly
sider the figures in Appendix 1, for example, of E.5, E.6 and E.14.
ining the ~ end
restrained at its lower extremity by the bottom flange and at its upper ex-
tremity by the proximity of the load point. Thus the inclined crack apparently
tends to form further back into the web, as very typically indicated by the
crack in the ~ end of E.5. In this situation, the inclination of the
crack is very closely associated with the direction of the compressive stress
trajectory at the centroid of the section, and the direction of the crack is
in line with the intersection of the load point and the top surface of the
beam. As may be seen from the other figures in Appendix 1, numerous other in-
clined cracks seem to have these two essential characteristics.
In the case of the @ end of E.5, the initial inclined crack appears
to have been influenced by the higher principal tensile stresses along the in-
tersection of the web and bottom flange. The significant feature here, as may
be seen from the photograph of E.5 after failure in Fig. 8 ( ~ end on the
right side), is that additional inclined cracks subsequently formed further
out in the shear span, and it is these cracks which would have been critical
if a shear failure had occurred in this shear span. By contrast, it may be
seen from Fig. 8 that the initial diagonal tension crack in the ~ end re-
mained the critical crack throughout the test.
The initial cracking in E.6,as may be seen from the figure in Appendix
1, formed well back from the load point at both ends. These cracks exhibited
the characteristic that their inclination is closely associated with the direc-
tion of the compressive stress trajectory, but the direction of the cracks did
•
'l
•
•
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not pass through the point defined by the intersection of the load point and
the top surface of the beam. In the beam test the magnitude of the maximum
shear is essentially constant throughout the shear span, and in the case of
E.6 it would appear that the moment did not influence the location of the
crack. As 'noted in the preceding paragraph, however, in the majority of
cases the moment did seem to influence the location of the crack, by tend-
ing to pull the crack forward to the load point. An important feature of the
initial inclined cracking shown in E.6 is that if a plot is made of the magni-
tude of the values of ~ along the crack, the maximum in both cases was suf-
ficiently close to the centroid of the section to be considered at the cen-
troid. This feature may be noted from the figures of many of the other beam
tests where the cracking was not influenced by the higher values of crt ad-
jacent to and below the load point. And as noted before, where such crack-
ing was the first to occur, in general additional more critical inclined
cracking would form at higher loads further back from the load point.
In the case of E.14, tested with a 3'-0" shear span, the initial dia-
gonal cracking at both ends formed closer to the load point than to the re-
action, and therefore appeared to be influenced by the moment. This was also
true for both ends of the other beam tested on a 3'-0" shear span, E.1S. Thus
in comparing the 3'_0" and 4 1 -0" shear spans, it would seem that the diagonal
tension cracking was influenced more by the moment for the shorter shear span.
This suggests that the maximum moment to shear ratio, M/V,is a factor in the
formation of the diagonal tension cracking. Expressed in non-dimensional form,
the moment to shear ratio may be written as M/Vd, and thus for the E Series
test beams which have a maximum moment given by M equal to V.a the M/V ratio
becomes the aid ratio. These observations of the influence of the M/V ratio
on the location of cracking support the previous discussion in conjunction
with Fig. 39.
For the two tests on the 3'-0" shear span, it is important to note that
in each end of both beams, additional inclined cracks subsequently formed at
higher loads further back from the load point than the inclined cracks which
formed initially. These inclined cracks which formed at slightly higher
loads had the two characteristics previously noted, that is, that the inclina-
tion of the cracks were closely associated with the angle of the compressive
.
.
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stress trajectory at.the centroid of the section and that the direction of
the cracks would approximately pass through the point defined by the inter-
section of the load point and the surface of the beam. Furthermore, it is
these cracks which appeared to be the critical shear cracks as the test pro-
gressed.
Thus, from the tests reported herein, it would appear that critical
diagonal tension cracking has the important characteristic that is inclina-
tion may be closely determined as the direction of the compressive stress
trajectory at the centroid. Furthermore, these tests indicate that to be
critical the extended direction of the inclined crack must lie either on or
outside the point defined by the intersection of the reaction or load point
and the top or bottom surface of the beam. Applied to the situation shown
in Fig. 41, the critical crack must form somewhere between lines a-a and
b-b. In the region between lines a-a and b-b, any line on which diagonal
.tension cracking might occur would in general have the maximum principal ten-
sile stress at or near the centroid of the section. Therefore O"'~g may be
regarded as approximately equal to at. Thus with the principal tensile
strength of the concrete known or assumed, the value of the diagonal tension
cracking load can be calculated by considering only the state of stress at
the centroid.
However, the critical principal tensi1e.strength is not easily de-
fined, because of the difficulty of determining the stress concentrations in
the web. The method suggested by Hu1sbos and Van Horn, the results of which
are summarized in Fig •. 40, indicates approximately the ·effect· of the concen-
trated load points, but does not explain the difference in apparent principal
tensile strength of concrete associated with the development of a significant
inclined crack on different shear.spans, indicated by Fig. 39.
If the critical principal tensile stress causing diagonal tension crack-
. ing is empirically related to the M/Vd ratio, a reasonable expression for
this stress is:
•i a-:
C
t
g
= (8 - lL) . \ f£'Vd \l-c
whereM is the maximum moment in the shear span being investigated.
(8)
•
...
•
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This expression has been plotted in Fig. 39 for comparison with the test d?ta,
and has been used to determine the Vdt design curve in Fig. 37.
c .
This concludes the general discussion of the results of the static
tests: Further discussion of the individual tests on E.13, E.14, E.16, E.17,
and E.18, however, is required.
Beams E.l3 and E.14, tested on aId ratios of 3.39 and 2.54, respec-
tively, had inverted L-shaped stirrups for web reinforcement rather than the
U-shaped stirrups used on all of the other test beams. E.13 failed in flex-
ure; however, E.14 failed in shear because of a bond failure in one of the
L-shaped stirrups, as was described in Section 3.4 and shown in Fig. 12. The
inclined diagonal tension crack which 'led to this failure was initially fully
contained in the web of the test beam. As the load was increased above the
load causing the ·crack to fo~, the crack extended along its inclined path
both upwards towards the load point and downward towards the reaction. The
upward development of the crack, however, was restrained by the compressive
forces in the top.flange. The downward development of the crack penetrated
the bottom flange,and at failure had resulted in a complete separation of
the bottom flange along the path of the crack, as may be seen from Fig. 12.
In this case it is evident that the last stirrup crossed by the inclined
crack in its downward development did not have sufficient embedment below
the crack to develop the strength required for the redistribution of forces
in the member. Therefore the conclusion follows that, where required for ul-
timate strength, web reinforcement should be provided with a hook in the bot-
tom flange.
As was noted in Section 3.4, the failure in E.18 may possibly also have
been a bond failure in the web reinforcement, which in this case was U-shaped
stirrups. The bottom leg of the U-shaped stirrup was oriented perpendicular
to the longitudinal axis of the beam. Thus if the plane of the inclined crack
intersects the bottom leg of the stirrup, or just above the bottom leg, the
embedment of the lower leg may not be effective •
..'
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'97, respectively. Values of rf /100 required toy
dition discussed in conjunction with Eq. (1) may
..
The two test beams with web reinforcement which failed in shear were
E.17 and E.18. As discussed in Section 3.4, the failure mechanism for E.17
was characterized by crushing of the concrete in the web, while the failure
mechanism for E.18 was characterized by fracture of the web reinforcement,
if the possibility that the failure in E.18 may have been triggered by a
bond failure is excluded. Beam E.17 and E.18 had rf /100 values of 121 andy
satisfy the equilibrium con-
be determined. Since:
rf
-J..
100
A
v
b"'S" • f y (9)
Eq. (1) may be written as:
rf
-J.. =
100
V - V
u C
b l '1 d (10)
discussed in
dt
of 3.39, V
c
S · Vdt .~nce ~s
c
centroid, as shown adjacent to Step 3 in Fig. 27:
From Eq. (10) values of rf /100 required to satisfy the equilibrium conditiony
conjunction with Eq. (1) may be calculated. For the a/d ratio
is less than Vfs , and is therefore the appropriate value for V
c c
calculated from a consideration of the state of stress at the
cg
O""t
F/A
2 (11)
Using the properties of the transformed section given in Fig. 1, the average
prestress force for all of the test beams equal to 91.4 kips, and a value of
(lcg determined from Eq. (8) based on the average concrete strength of 6920~ dtpsi, Eq. (11) maybe solved for V equal to V
c
.
.
.-
•
384 = ~(433)2 + (0.025 v~t)2 - 433
Vdt = 27,700 Ib,
c
Also, the inclination of the compressive stress trajectory may be determined
from the equation:
•83
(12)
Fot the above conditions:
tan 26 = 0.025(27,700)433 = 1.6
Taking I as the' distance from the junction of the web and top flange to thee , ,
lowest, ,lev~l e>f ,strand, l
e
il> equal to 11~;JJ2 inch.es,andfroIIlJ~q. (2):'
11.5
(tan 29 0 )(14.18) = 1.43
•
dt, ,Substituting these values ofV
c
and)U into Eq. (10), the -required value of
rf /100 to develop a shear, V , equal to 41.3 kips corresponding to the ulti-y u
mate flexural capacity of the section is:
rf
-.:i..: =
100
, 41,300 - 27,700 =
3(1.43 x 14.18) 224
•
•
..
Therefore the amount of web reinforcement provided in 1.17 and E.18 did not
satisfy the requirement of Eq., (1).
Test beams E.l5 and E.l6 failed in flexure, although the web rein~
forcement in these 'beams was less than rf /iOOequa1to' 224. ','While many fac-y '", , - ' ','
tors are invoived, this would appear to indicate most probably that the value
dt
of V at failure was greater than V 0
c c
4.3 Repeated Load Shear Strength of Test Beams
As previously noted, the purpose of the two shear fatigue tests, E.10
and, E.ll, was to determine if a prestressed beam subjected to a single load
cycle of sufficient magnitude to cause inclined diagonal tension cracking
•
.~
•
•
•
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could subsequently be critical in fatigue of the web reinforcement under re-
peated loadings of lesser magnitude. Test procedure and results for these
two tests has been presented in Section 3.5 •
Three loading ranges were used during the course of the two fatigue
tests. E.10 was first subjected to N equal to 4,000,000 cycles of sYmmetri-
cal loading in which the applied shear ranged between 8 and 18 kips. From
N equal to 4,000,000 cycles to N equal to 4,526,900 cycles, at which fail-
ure due to a fatigue fracture in one wire of one of the lower level strands
occurred, the applied load shear ranged from 8 to 28 kips. E.11 was able
to withstand N equal to 2,007,500 cycles of sYmmetrical loading,which ranged
between 8 and 24 kips applied shear, before failure due to fracture of the
web reinforcement occurred.
From the work of Warner and Hu1sbos(7) the probable fatigue life of
E.10 and E.11 may be determined, assuming that failure occurs as a fatigue
fracture in the prestressing strand. The essential information required is
the variation in steel stress with load in the most critically stressed
strand, which for E.10 and E.llis anyone of the three lower strands. Since
the Whittemore strain readings taken on line Hare at the same level as the
three lower strands, the assumption that the strain in the concrete is equal
to the change in the strain in the strand from the initial prestressing
strain permits the determination of the steel strain for any value of N
directly from Figs. 23 and 30.
Selecting repre~entative values of strain from Figs. 23 and 30, and
subtracting these values from the initial strain of 0.00646 in./in.corres-
ponding to an initial average strand tension of 18.95 kips, the strains in
the lower strand at the maximum shear in the loading range can be deter-
mined, and are presented in Table 1Q. These strains may be converted to
str~ss using the stress-strain curve for the strand presented in Fig. 2. In
the last column in Table 10 the stress is expressed as a percentage of the
static ultimate stress for the strand of 252.5 ksi •
Table 10. Stress Variation in Lower Level Strand
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Beam· Loading Lower Level Strand
Range r----------Strain Stress Percentage of(V in kips) (in./in.) (ksi) Ultimate Stress
8 0.00500 133.0 52.6
E.lO 18 0.00525 140.5 55.6
28 0.00645 173.5 68.6
8 0.00505 135.0 53.4
E.11 24 0.00585 157.5 64. 3
Using the equations for Rand SL in Fig. 49 of Progress Report No.24,
and noting that the dotted line corresponding to P equal to 0.206 is directly
applicable because the number of strands at the lower level is three, the
predicted N for failure due to strand fatigue can be determined. This work
. is sunnnarized in Table 11. The results indicate that the 8-18 kip and 8-24
kip loading ranges of E.lO and E.ll are below the fatigue limit, and thus
an infinite number of these load cycles could be applied without a fatigue
fracture of the strand occurring. The calculations for the 8-28 kip loading
range of E.lO, however, indicate a probable fatigue failure after 398,000
load cycles. E.lO actually took 526,900 cycles of this loading range be~
fore failure occurred, which may be regarded as good correlation.
The 18, 24, and 28 kip shears are 43.6, 58.1, and 67.8 percent of the
static ultimate shear, respectively, corresponding to the ultimate flexural
capacity of the section. The results of the tests indicate that a prestressed _
beam with sufficient web reinforcement subjected to a single overload caus-
ing diagonal tension inclined cracking will not subsequently be critical in
fatigue of the web reinforcement under normal design loadings, i.e., loadings
less than approximately 45 percent of the ultimate flexural capacity. To de-
fine what is meant by sufficient web reinforcement is not possible. However,
any member with web reinforcement proportioned in accordance with the T.R.P.C •
specifications is in all probability sufficient .
•
-.
Table 11. Predicted N for Strand Fatigue Failure
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Beam Loading SL R Log N N
Range
(V in kips)
E.10 8-18 65.1 Negative -- 00
8-28 65.1 3.5 5.6 398,000
E.ll 8-24 65.7 Negative -- 00
The load deflection curves for E.10 and E.ll in Fig. p and Fig. 25,
respectively, suggest a further criteria for judging if fatigue maybecri-
tical in a prestressed beam with a diagonal tension crack. After cracking,
the load deflection response for E.10 was essentially linear for V from 0
to 18 kips, but definitely non-linear as the shear is increa~ed to 28 kips.
Similarly for E.11, the load deflection response is non-linear as V approaches
24 kips. Since both the 8-24 and 8-28 kip loading ranges produced failures,
while the 8-18 kip loading range gave no indication offui1ure in 4,000,000
load cycles, the requirement that the load deflection curve be linear may be
an appropriate criteria for precluding the possibility of a shear fatigue
failure.
Finally, and perhaps most important, the results of the tests indi-
cate that there are loadings which, for a given prestressed beam, are more
critical in fatigue of the web reinforcement than in fatigue of the pre-
stressing strand. The principal parameters involved would appear to be the
magnitude of the load, number of load cycles, amount of web reinforcement,
and the inclined cracking load, but no insight into the relationship between
these parameters is evident from the two shear fatigue tests reported herein .
•
..
"
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4.4 Shear Strength of Re~Loaded Test Beams
The results of the static re-10ad tests have been presented in Section
3.6. These tests were conducted for purely exploratory reasons; that is,
after a failure had occurred in a regular static test there remained in some
cases a segment of the beam away from the failure region of sufficient length
to conduct a second test. Prior cracking in these segments had completely
closed, and camber was visually evident indicating that some part of the pre-
stress force was retained.
The test results in Table 8 indicate a reduction in shear strength in
the re-10aded tests attributable, at least in part, to the effects of prior
cracking and to a loss in prestress force from the first test. Consider the
test on E.11. Prior to the re-10ad test, the applied moment from the re-
peated load test, had never exceeded 68% of the flexural capacity (168.2 ft.-
kips, including 2.9 ft.-kips for dead load moment) of the section, and there-
fore of insufficient magnitude to cause significant yielding of any of the
prestressing strand. Consequently the re-10ad test developed a moment very
nearly equal to the ultimate moment of E.9, which had exactly the same web
reinforcement.
On the other hand, prior to the re-10ad tests on E.16, E.17, and E.18,
the applied load moments from the static tests were 96, 92, and 93 percent,
respectively, of the flexural capacity of the section, and therefore of
sufficient magnitude to cause yielding of the prest~essingstrand. In these
three cases the ultimate moments at failure in the re-10ad tests were 84,
84, and 83 percent, respectively, at the flexural capacity of the section.
Although the geometry of loading differed between the static test and corres-
ponding re-10ad test, the M/V ratio in the shorter shear span of the re-10ad
test was exactly the same as the M/V ratio in the failure shear span in the
first static test. Furthermore, had the re-10ad tests on E.16, E.17, and
E.18 actually been first tests, the failure in all three cases would have
been expected in the shorter shear spans. The fact that ·fai1ure occurred
in the longer shear spans of the re-10ad tests on E.16 and E.18 indicates
that the high moment in this region from the first static test reduced the
ultimate shear strength. ,',
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In the case of the re-load test on E.17, failure occurred in the
shorter spa~ in which the M/V ratio from the first test was exactly reproduced.
However, in the re-load test the shorter shear span carried only 92% of the
shear that it had previously carried in the first test. Failure was sudden
and complete, due to the fracture of a stirrup. Furthermore, since this
failure occurred in a region which had not been subjected to the maximum
moment in the first test, it would appear that the failure was influenced by
the effect of the cracking incurred in the first test."
The results of these tests are significant because they suggest that
ultimate shear strength determined from single cycle static load tests may
be more than that which would be obtained if a multiple cycle loading proce-
dure were used. Therefore a better ultimate strength shear test than the
conventional single cycle symmetrically loaded test may be when the load is
applied in increasing increments, the test beam being unloaded after each
increment of loading, until failure occurs.
Finally,. these tests show that a re-loading technique of the type
used in these exploratory tests does provide results of value. By judi-
ciously locating the web reinforcement, the value of the results obtained
can be increased; for example, had the region between the load points in
the first static test on E.16 and E.18 been more heavily reinforced with
stirrups, the failure in the re-load test would have been forced into the
shorter 4'-0" shear span, thereby giving two failures in the same length of
shear span from one test beam (as was obtained for E.17). Furthermore,
employing such a procedure in no way jeopardizes the results of the first
test.
~'.
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5. SUMMARY AND CONCLUSIONS
The following summarization and conclusions may be drawn from the E
Series test beams and from the general discussion ·of the overload behavior
of,prestressed beams presented herein. While the concrete strengths of
the E.Series tests varied between 6580 psi and 7790 psi., the good correla-
tion of these tests with other investigations covering a wider.rangeof
concrete strengths indicate that the conclusions presented maybe con-
sideredvalid for concrete strengths greater than 5000 psi.
1. Flexural cra~king was observed at loads corresponding to computed
tensile stresses in the extreme fiber in tension greater than:
f'
t 6.5~ (6)
The shear causing the development of significant inclined flexure .shear
cracking was greater than, although realistically predicted as, the shear
expected to cause a flexure crack, based onEq. (6), to form a distance
from the section being considered in the direction of decreasing moment
equal to the effective depth of the member.
2. The shear causing the development of inclined diagonal tension
cracking was realistically predicted as the shear causing .a principal
tensile stress at the intersection of the path of the crack and the
bending neutral axis of:
= (8 ., V~) F (8)
.
•
whereM is the maximum moment in the shear span being investigated.. The
path of the crack was assumed to be straight, inclined at the angle of
the compressive stress trajectory determined at the bending neutral axis,
and to intersect the section being considered at the junction of the web
and top flange.
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3. Flexural failures occurred at strains in the extreme fiber in
compression which varied between 0~0025 and 0.0028.
4. Of the seven test beams which failed in shear, five failed due to
crushing of concrete in the web (four of which did not have web reinforce-
ment),.one fai1ed'due to fracture of the web reinforcement, and the other
failed in bond in the web reinforcement.
5. For regions in which inclined diagonal tension cracking is critical,
. the test results indicated that the TRPe equation for design of web re-
inforcement:
A
v
1
= 2
(V - V )s
u c
If
was conservative by a factor of roughly 3.
6. An equation for design of web reinforcement of the form:
where ~ is calculated from:
A
v
(V - V )s
u c
f $dy.
(1)
.i.e
~ = (tan Q) for diagonal tension cracking (2)d
or ~ = 1 for flexure shear cracking
•
.. and V = shear at inclined cracking determined from
/. .c paragraph 1 2or
~.
•
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would have conservatively predicted, by a factor of approximately 1.5, the
amount ·of web reinforcement required to prevent shear failures in the tests
reported herein.
7. A prestressed beam subjected to an overload of.sufficient magnitude
to develop diagonal tension inclined cracking may be more critical in
fatigue of the web reinforcement than in fatigue of the longitudinal pre-
stressing strand. A criteria for determining if the member is critical in
fatigue after inclined cracking is the linearity of the load deflection
curve. That is, if the repeated loadings are in a range such that the
deflec;:tion of the member remains essentially linear, the probability of a
fatigue failure within the norma11ife of the member is low.
8. By properly designing the web reinforcement in a test beam, in
general more than one ultimate strength shear test can be obtained from
each.~beam specimen.
••
•
6. APPENDIX I
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7.. APPENDIX II
LOAD - DEFLECTION CURVES
FOR THE STATIC TESTS
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